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Background. The quantitative genetics of urine calcium ex-
cretion has not been established. It is a trait of interest because
hypercalciuria is commonly found in subjects with nephrolithi-
asis. The aim of this study was to model the segregation of
this trait in a sample of French-Canadian families ascertained
through a stone former.
Methods. Major gene, polygenic, and mixed models were fit
to 24-hour urine calcium excretion from 567 individuals in 221
nuclear families, while simultaneously taking into account gen-
der, age at examination, body mass index (BMI), and the use
of thiazide drugs. The nuclear families were extracted from 154
pedigrees, some of which were four generations, with at least
two siblings with a history of calcium stones.
Results. All the proposed genetic models fit the data signifi-
cantly better than the null model. The most parsimonious model
was the mixed codominant/polygenic model but it was statisti-
cally indistinguishable from the single-gene codominant model.
In both of these models the heritability attributable to the major
gene was estimated to be 0.58.
Conclusion. Our results suggest that a major gene with a rela-
tively large effect on variation in urine calcium excretion is seg-
regating in French-Canadian families with stone formers. This
implies that the power of quantitative trait segregation analysis
of urine calcium excretion may be increased in these families,
and results indicate that it should be feasible to genetically map
the quantitative trait locus.
Calcium nephrolithiasis is a common complex trait re-
sulting from the interaction of genetic and environmental
factors [1]. Stone formation occurs because of a reduced
capacity of urine to maintain calcium salts in a soluble
phase. Increased urine calcium excretion (idiopathic hy-
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percalciuria) is the most consistent finding in stone for-
mers [2]. The prevalence of nephrolithiasis in hypercalci-
urics is higher than in normocalciurics [3, 4]. However, the
urine calcium distributions for stone formers and controls
have considerable overlap [5]; some people with hyper-
calciuria do not form stones, and not all stone formers are
hypercalciuric.
It has been long suspected that calcium metabolism
and, in particular, calcium excretion, is under genetic
control [6–10]. However, neither the nature of such a
control nor its extent has been clearly established, and
both oligogenic [1] and polygenic [11] models of inher-
itance have been proposed. Different mechanisms have
been suspected in candidate gene studies as causes of hy-
percalciuria such as increased absorption of calcium from
the gut, renal phosphate leak, and increased bone resorp-
tion. However, the success of such studies has been lim-
ited. Only one particular form of hypercalciuria, severe
absorptive hypercalciuria, has been linked to a haplo-
type on chromosome 1 and associated with a candidate
gene [12, 13]. However, no independent confirmation of
this association has been reported yet. One common fea-
ture of these studies is the use of a threshold value of
urine calcium to dichotomize a quantitative phenotype
into affected and unaffected categories. It is known that
such dichotomization may lead to substantial loss in sta-
tistical power to detect linkage [14]. Additionally, the
trait must be adjusted for any confounding factors before
dichotomization.
We think a better understanding of hypercalciuria may
be gained if one considers a quantitative trait while si-
multaneously adjusting for the factors that affect calcium
excretion. In this paper we report a complex segregation
analysis of urine calcium excretion in a sample of French-
Canadian families, ascertained through a close relative
with nephrolithiasis, which suggests that a major gene
on a polygenic background underlies the genetics of this
trait.
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METHODS
Subjects
This study was approved by institutional ethics boards,
and informed consent was obtained from all participants.
The ascertainment of subjects was described by Tessier
et al [2]. Briefly, calcium stone formers were ascertained
from lithotripsy units and stone clinics in Quebec. The
stones were verified by crystallographic or biochemical
analysis when available, or by standard imaging methods
(radiodense stones). The recruitment strategy was to sam-
ple the parents and complete sibship of a stone-forming
proband where there was at least one other stone-forming
sibling. Sometimes second or third-degree relatives of the
proband were included in the study.
Clinical examinations were conducted, a blood sample
was drawn, and a 24-hour urine collection was obtained
from recruited individuals. In total, 1219 individuals in
154 two-, three- or four-generation pedigrees were ex-
amined. Age at examination, gender, weight, and height
were recorded. Consanguinity due to a first-cousin mat-
ing was reported in two of the families.
Urine samples
Urine from a 24-hour period was collected from in-
dividuals in an outpatient setting. Standard biochemical
analysis of urine and serum samples was performed by an
autoanalyzer. To control for over- and undercollection,
the samples were considered to represent a complete day
if the urine creatinine levels were within 20% of those pre-
dicted by the Cockcroft-Gault formula [15]. Incomplete
collections were treated as missing data. One extreme
outlier with a urine calcium value four times greater than
the mean was removed from the dataset before analysis.
There were 567 individuals for whom there were data on
urine calcium excretion from a complete 24-hour period,
as well as data on gender, age at examination, weight,
height, and use of thiazides. For segregration analysis
these 567 individuals were assembled into 221 nuclear
families. For 27 individuals who could be assigned either
as a parent or an offspring, they were preferentially as-
signed as offspring.
Statistical analysis
Complex segregation analysis [16] was performed to
determine if the urine calcium levels were compatible
with a Mendelian pattern of segregation of a quantitative
trait under the control of a major gene. We developed a
computer program specifically for the analysis of nuclear
families. The general model can be written as
y = Xb + lg + e
where y is 24-hour urine calcium excretion, Xb accounts
for covariate effects, lg represents the genetic effects, and
e is an error term with a normal distribution.
Four different categories of models were considered.
First, major gene models in which a single major gene is
assumed to contribute to 24-hour urine calcium excretion
were examined. The major gene has two alleles, Q and
q, where allele Q is associated with higher levels of urine
calcium, and allele Q is found in the sample with fre-
quency Pq. The distribution of the phenotype is assumed
to be a mixture of three normal distributions with means
lqq, lqQ, and lQQ, and common variance r2, which is
equivalent to lg being sampled from a discrete distribu-
tion with mass probabilities depending upon the parental
genotypes, and ultimately on the allele frequency of Q.
Three major gene models were considered: a codominant
model (lqq ≤ lQQ), a recessive model (lqq = lqQ), and a
dominant model (lqQ = lQQ).
The second type of model is the additive polygenic
model. The genetic component of urine calcium excre-
tion is assumed to be due to a large number of genes, each
with small effect. The distribution of lg was modeled as
a random variable with zero mean and variance 2r2a ,
where r2a is the variance component associated with the
additive polygenic effects and  is the Male´cot kinship
matrix [17].
The third class of model comprises the mixed major
gene/polygenic models. Both a major gene and a poly-
genic effect are assumed to contribute to the observed
trait values. In this case, lg is split into two components,
one representing the major gene, and the other repre-
senting an additive polygenic contribution.
Finally, a null model that consists of simple linear re-
gression on the covariates without specification of ge-
netic effects was also considered. All genetic models
were compared to this one using the likelihood ratio
statistic and significance was determined by resampling
[18].
The means, variances and allele frequency were esti-
mated for the above models while simultaneously adjust-
ing for the covariates gender (where 0 = male and 1 =
female), age, body mass index (BMI), and a variable to
indicate the use of thiazides (where 0 = no and 1 = yes).
These covariates have been suggested in the literature
as having the strongest effect on urine calcium excretion
[19, 20]. Individuals with missing data were not included
in the analyses. The Akaike Information Criterion (AIC)
[21], defined as −2 log L + 2k, where L is the likelihood of
the model and k is the number of estimated parameters
in the model, was used as an index of parsimony across
nonnested models. The heritability, defined as the pro-
portion of variation attributable to genetic factors [22],
was calculated for each of the genetic models as the ge-
netic variance divided by the sum of the genetic and non-
genetic variances.
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Table 1. Summary statistics including means ± SD for the study
sample (N = 567)
Variable Males Females
Number of observations 267 300
Age at examination years 48.6 ± 12.1 49.2 ± 12.2
Weight kg 78.6 ± 13.4 65.4 ± 12.5
Height cm 172.4 ± 6.2 159.4 ± 6.5
Body mass index kg/m2 26.5 ± 4.4 25.8 ± 4.8
Serum creatinine lmol/L 99.7 ± 13.0 83.2 ± 13.3
Urine calcium mmol/24 hours 6.2 ± 2.9 4.9 ± 2.3
Number of individuals on thiazides 21 36
For models with a major gene component, data were
analyzed assuming Mendelian and free transmission. Un-
der the assumption of Mendelian transmission, the pa-
rameters were fixed as
sQQ = 1, sQq = 0.5 and sqq = 0
where s i represents the probability that an individual with
genotype i transmits allele Q to its offspring; in the free
transmission case, s qQ was allowed to vary.
Ascertainment. In this study it is not obvious how to
adjust for ascertainment because the families were not
ascertained for urinary calcium excretion, but rather on
stone formation, a correlated complex phenotype. Ad-
ditionally, the urine collection for a large proportion of
the individuals who passed stones was incomplete, and
thus they were excluded from this study, but their rela-
tives with complete data were included. Our approach
was to accept some ascertainment bias rather than have
reduced power to detect a major gene. For compari-
son, we analyzed the data following the general conven-
tion that conditioning on the index cases (probands with
complete data, in our case) can be used in nonstandard
situations.
RESULTS
Of the 1219 people who were clinically assessed, 985
submitted 24-hour urine collections. Of these, 567 (58%)
were judged to have a valid sample according to the
Cockcroft-Gault formula and had no missing data for
any of the covariates. Table 1 shows the general char-
acteristics of these 567 individuals who were included in
the analyses; they comprise 221 nuclear families. Data for
both parents were available for only five families; 12 ad-
ditional families had data only for the father, and 12 other
families had data only for the mother. The mean and me-
dian sibship size was two (range 1 to 9). There were ap-
proximately equal numbers of males and females, with
similar mean age at examination and BMI. As expected,
24-hour urine calcium excretion was higher in males than
in females. There was an average of 1.5 stone formers per
nuclear family (range 0 to 7). This low average is mostly
due to the high rate of over- or undercollection of 24-hour
urine samples. The rate of miscollection was similar be-
tween stone formers (41%) and nonstone formers (44%).
Table 2 shows the parameter estimates and their stan-
dard errors for all the models that were fitted. Based on
the AIC, the mixed model with codominant and polygenic
components was the most parsimonious; however, it was
closely followed by the single-gene codominant model.
In fact, a formal comparison shows that these two mod-
els do not differ statistically (P = 0.638 based on 1000
bootstrapped samples). Figure 1 shows the estimated
probability density of the urine calcium values after ad-
justing for the effects of the covariates (solid curve) for
the codominant model.
All the genetic models fit better than the null model
(P < 0.0001 for each of the genetic models based on
10,000 bootstrapped samples). When conditioning on the
probands was applied, the estimates of the genetic pa-
rameters were close to those originally obtained (data
not shown). This may be due to the fact that 36% of the
probands did not have complete urine collections and,
therefore, were not included in the study. Also, relax-
ing the assumption of Mendelian transmission had lit-
tle impact on the other parameter estimates (data not
shown).
Under the codominant model, the heritability was es-
timated to be 0.58 ± 0.05 for the major gene; the fre-
quency of the allele associated with high urine calcium
excretion, pˆQ, was estimated to be 0.16 ± 0.02; and the
predicted means for the latent qq, qQ, and QQ classes
were 5.0 ± 0.7, 8.4 ± 0.7, and 13.7 ± 1.0 mmol urine cal-
cium per 24 hours, respectively. Normal quantile-quantile
plots were used to examine the residuals after fitting the
codominant, dominant, recessive, and polygenic models
to the data. The residuals were calculated as the observed
trait value minus the estimated covariate and genetic ef-
fects. Because of correlation between parents and chil-
dren, only the residuals from the 533 children are plotted
in Figure 2. The quantiles from a normal distribution are
plotted against the quantiles of the observed residuals. If
the distribution of the residuals is normal, these points are
expected to fall on a straight line. The distribution of the
residuals from the codominant model was not different
from normal (P = 0.348, Shapiro-Wilk test). The residu-
als from the dominant, recessive, and polygenic models
showed varying departures from normality (P = 0.041,
P = 0.001, and P = 1.3 × 10−9, respectively). This
provides further support that a codominant model is
more plausible than the dominant, recessive or polygenic
models.
The parameter estimates, other than the nongenetic
variance, for the mixed codominant/polygenic model
were very close to those of the single-gene codominant
model. The heritability attributable to the polygenic com-
ponent was estimated to be 0.11 ± 0.01.
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Fig. 1. The probability density of 24-hour urine calcium excretion. The
values have been adjusted for the covariates gender, age at examina-
tion, body mass index (BMI), and use of thiazides using the equation,
yi − xi bˆ , where yi is the observed urine calcium value, xi is the vector
of covariates for individual i, and bˆ is the vector of estimated regres-
sion coefficients from each of the major-gene models. The solid curve
represents the estimated density for the sample of 533 children from
221 nuclear families. The dashed curves represent the underlying theo-
retic densities of the latent qq, qQ, and QQ classes plotted from left to
right for the single-gene codominant model with estimated means and
variances given in Table 2.
DISCUSSION
This is the first study to undertake a complex segre-
gation analysis of urine calcium excretion while simulta-
neously adjusting for confounding variables. The analy-
sis demonstrated evidence of genetic factors underlying
variation in urine calcium excretion. Depending on the
genetic model, the heritability due to a major gene ranged
from 0.36 to 0.58. This is consistent with the results of a
study of unselected female twins, where the heritability
of 24-hour urine calcium was estimated to be 0.52 [23].
Evidence suggests that there is a major gene segregat-
ing in our sample. The most parsimonious model based
on the AIC was the mixed codominant/polygenic model,
although it did not differ significantly from the single-
gene codominant model. It may be that we do not have
a sufficiently large sample size to detect a difference be-
tween the models, but based on the evidence provided by
this sample the most plausible model includes a codomi-
nant component. We estimated that the frequency of an
allele associated with high urine calcium excretion in this
sample of French-Canadian families was about 0.16 for
the codominant models (Table 2). In a previous study,
segregation of 24-hour urine calcium excretion in a small
sample of families was also consistent with a codominant
mode of inheritance [1]. Although we did not detect de-
parture from Mendelian transmission in our sample, very
few families had parental data, and thus the power to de-
tect such a departure was low.
A haplotype in the calcium-sensing receptor gene that
explains 4.1% of the total variation of 24-hour urine
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Fig. 2. Plots of quantiles from a theoretical normal distribution versus quantiles of residuals from the single-gene and polygenic models. The
residuals are the observed 24-hour urine calcium exretion in 533 children minus the estimated covariate and genetic effects for (A) codominant,
(B) dominant, (C) recessive, and (D) polygenic models.
calcium excretion has been reported [24]. We think that
this haplotype has too small of an effect to be responsible
for our observed patterns of segregation. Furthermore, in
a subset of the families included in our study, the calcium-
sensing receptor gene was excluded as a major gene for
stone formation, and there was no evidence of linkage to
24-hour urine calcium excretion [8].
One limitation of our segregation analysis program is
that it is designed for nuclear families and therefore ex-
tended pedigrees need to be disassembled into nuclear
families. In our study, 133 of the 221 nuclear families
were derived from 55 extended pedigrees and treated as
if they were independent. To test the effect of this sim-
plification, we re-analyzed our data using the SEGREG
program in the Statistical Analysis for Genetic Epidemi-
ology (SAGE) (version 5.0) (Statistical Solutions Ltd.,
Cork, Ireland) suite of tools [25] under a codominant
major gene model. SEGREG was able to analyze the
extended pedigrees, although five inbreeding/marriage
loops were first broken by discarding individuals with no
phenotypic information. The parameter estimates calcu-
lated by SEGREG, relative to the estimates of our pro-
gram, differed on average by 9% (data not shown).
Another limitation of our analysis was that we did not
properly adjust for ascertainment. It is not clear how to
account for ascertainment when the phenotype is not the
same as the trait on which the families were ascertained.
Although there is a strong correlation between calcium
stone passage and hypercalciuria, the biological relation-
ship is not known. However, when we carried out the
estimation conditioning on the probands, we found that
this had very little effect on the estimates. Moreover, our
primary motivation was to model urine calcium excretion
as a way to enhance our understanding of nephrolithia-
sis, and thus it was not our intention to extrapolate our
results to the general population. Once a major gene
underlying urine calcium excretion has been found in
a defined sample such as ours, population-based studies
can be carried out to determine its allele frequencies at
large.
The results of our segregation analysis, combined with
evidence of a quantitative trait locus involved in the etiol-
ogy of hypercalciuria in the rat [26], suggest that a major
gene contributing to variation in urine calcium excretion
in this sample of French-Canadian families can be local-
ized using a quantitative trait locus mapping approach.
Our goal is to identify this gene and elucidate its role
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in calcium metabolism, and ultimately its contribution to
the formation of kidney stones.
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